Metmyoglobin (MbFe   III   ) , a major form of dietary iron, is an efficient inducer of lipid and protein oxidation. Indeed, MbFe III is able to cleave hydrogen peroxide and lipid hydroperoxides with subsequent formation of ferrylmyoglobin (MbFe IV =O) and lipid oxyl and peroxyl radicals. In the first part of this work, the mechanism of the reaction between MbFe III and H 2 O 2 is revisited with an emphasis on the influence of bovine serum albumin (BSA). BSA does not affect the rate of MbFe IV =O formation but inhibits the formation of the redox-inactive green pigment (heme-protein cross-link species). Although tightly bound to BSA, the flavonol quercetin is still able to reduce MbFe IV =O as a likely result of long-range electron transfers within a protein-protein complex. In a second part, BSA is shown to strongly slow down the metmyoglobin-catalyzed consumption of linoleic acid hydroperoxides with formation of ketones as the main products. In the process, only low concentrations of ferrylmyoglobin are slowly accumulated. A catalytic mechanism is proposed that involves a one-electron oxidized metmyoglobin species distinct from ferrylmyoglobin.
Introduction
The reaction of myoglobin (MbFe II ) and metmyoglobin (MbFe III ) with hydrogen peroxide has been thoroughly studied for its implication in the oxidative deterioration of meat [1] and, more generally, its relevance in the development of oxidative stress via lipid and protein modifications [2] [3] [4] . Since myoglobin and metmyoglobin are the main forms of dietary iron, these heme proteins could also trigger lipid peroxidation in the gastric compartment following a meal including red meat (the main source of heme iron) and polyunsaturated lipids [5] . In such circumstances, traces of lipid hydroperoxides could replace H 2 O 2 for the activation of heme iron to hypervalent forms involved in the initiation of the peroxidation process [6] . Protection against this diet-related oxidative stress could have nutritional significance from at least two viewpoints: the preservation of dietary lipids essential to cell functioning and the protection against the toxicity of potentially harmful lipid oxidation products (hydroperoxides, aldehydes, epoxides) and the highly reactive radical intermediates (e.g., lipid oxyl and peroxyl radicals) involved in their formation [7] . Interestingly, given their low ability to cross the intestinal barrier (absorption), common dietary plant antioxidants such as polyphenols could have their antioxidant action essentially restricted to the gastro-intestinal (GI) tract [8] . However, the peroxidase activity of MbFe III is clearly dependent on several factors such as pH, the hydroperoxides under consideration and the presence of other proteins, which could interact with MbFe III and/or the antioxidant [2] . As part of our ongoing program to investigate the heme-induced peroxidation of polyunsaturated dietary lipids and its inhibition by antioxidants [9, 10] , we now wish to report on the influence of bovine serum albumin (BSA) and the flavonol quercetin, one of the most common flavonoid aglycones in plants and in human diet, on the peroxidase activity of metmyoglobin. This study provides a basis for the rationalization of the heme-induced peroxidation of protein-stabilized lipid emulsions in food and in the GI tract [11] . It can also be noted that serum albumin is the carrier of the fraction of dietary polyphenols that enters the blood circulation (as conjugates)
following intestinal absorption [12, 13] . 
Materials and methods

Chemicals
Horse heart myoglobin (MbFe II , MW ca. 17600 g mol -1 ), hydrogen peroxide (30% in water), quercetin and bovine serum albumin (fraction V A-9647, MW ca. 66500 g mol -1 ) were purchased from Sigma-Aldrich. Upon dissolution in the phosphate buffer, MbFe II is quicky converted into MbFe III by autoxidation. The phosphate buffer (5 mM, pH 5.8) was prepared with Millipore Q-Plus water and passed through a column of Chelex-100 chelating resin (BioRad) to remove contaminating metal ion traces. The preparation and purification of the linoleic acid hydroperoxides were carried out as described in the literature [14] . Based on the contamination of the samples by the corresponding (redox inactive) alcohols and ketones, a purity of ca. 80% can be assumed.
Absorption and emission spectra
Absorption spectra were recorded on a Hewlett-Packard 8453 diode-array spectrometer equipped with a quartz cell (optical pathlength: 1 cm). The temperature in the cell was kept at 37°C by means of a water-thermostated bath. Magnetic stirring in the cell at a constant rate (1000 rpm) was ensured by a Variomag stirrer (Telemodul 20C). Steady-state fluorescence spectra were recorded at 37°C on a thermostated Safas Xenius spectrofluorometer. The excitation and emission slit widths were set at 10 nm.
Formation of ferrylmyoglobin and its reduction by quercetin
A 60 µM solution of metmyoglobin (MbFe =O was monitored at 590 nm (time interval between 2 consecutive spectra = 0.5 s).
In the absence of quercetin, the set of equations used in the curve fitting procedures is as follows (A 0 : initial absorbance, C: total heme iron concentration):
In the presence of BSA, the formation of GMbFe was neglected (k 3 = 0, ε 3 = 0).
In the presence of quercetin (Q), one simply has: In the experiments with BSA and 9-or 13-LOOH in excess (8 equiv.), the slow development of ferryl absorption in the visible range was analyzed according to the following kinetic model: 
Since MbFe III substantially absorbs light at the excitation and emission wavelengths (450 and 535 nm, respectively), an inner filter correction is necessary. In Eq. 1, the ε L parameters stand for the molar absorption coefficients of MbFe III at the excitation and emission wavelengths.
Their values are determined independently by UV-visible spectroscopy from a Beer's plot (ε L = 8300 and 6500 M -1 cm -1 at 450 and 535 nm, respectively). Finally, l is the mean distance travelled by the excitation light at the site of emission light detection. For the spectrometer used in this work, l is estimated to be 0.65 cm.
Data analysis
The curve-fitting and derivation procedures of the absorbance vs. time plots were carried out on a PC using the Scientist program (MicroMath, Salt Lake City, USA). Beer's law and sets of differential kinetic equations with initial conditions on concentrations were given as input data. Curve-fittings were achieved through least square regression and yielded optimized values for the parameters (kinetic rate constants, molar absorption coefficients). 
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Results and discussion
All experiments have been conducted in mildly acidic conditions (pH 5.8) corresponding to the pH of meat and of the gastric compartment experiencing the buffering effect of the dietary bolus in the early phase of digestion [15] .
Activation of metmyoglobin by hydrogen peroxide
The [16, 20, 24] and with our recent work that suggests the possibility of efficient long-range electron transfers connecting the periphery of serum albumin (which provides primary sites for oxidative attacks) and the quercetin binding site in sub-domain IIA [25] . It is also noteworthy that some reductants such as ascorbate and Trolox are able to reduce ferrylmyoglobin by two distinct mechanisms: a weak binding to the heme pocket with a subsequent fast reduction of the ferryl center and a stronger binding to another site followed by a relatively slow long-range electron transfer involving a critical Tyr residue [26] .
The main results of the kinetic analysis are summarized in Table 1 . In the literature [27] , the rate constant for the formation of MbFe IV =O has been shown to be independent of increases when the pH is lowered as a result of the formation of a protonated ferryl species.
From the same article [27] , the value estimated at pH 5.8 and 25°C is ca. 5x10 -4 s -1 , which is 6 times lower than the value estimated in our work. From the mean values of the rate constants, the concentrations of the different heme species following the addition of hydrogen peroxide to a mildly acidic solution of metmyoglobin can be plotted as a function of time in the presence or absence of serum albumin (Fig. 3) . In the absence of BSA, it can be seen that the percentage of heme-protein cross-linked species (GMbFe III ) amounts to slightly less than 30%
of the total heme concentration at pH 5.8 and 37°C. A previous work using reverse-phase HPLC for the titration of the different heme species in solution concluded that this percentage is about 15% at room temperature [17] .
In addition, an investigation by fluorescence spectroscopy suggests that metmyoglobin is able to bind to the quercetin-BSA complex (K ≈ 10 5 M -1 based on our work [13] ). Indeed, whereas we were unable to gain evidence of a direct interaction between metmyoglobin and quercetin (no significant quenching of the MbFe III intrinsic fluorescence pertaining to its Trp residues), a strong quenching of the fluorescence of the quercetin-BSA complex (excitation of bound quercetin at 450 nm, emission collected at 535 nm) was observed by increasing metmyoglobin concentrations (Fig. 4) . Similarly, the accommodation of linoleic acid molecules to the typical fatty acid binding sites of human serum albumin efficiently protects linoleic acid against the peroxidation induced by hydrophilic peroxyl radicals generated in the aqueous phase [25] .
Importantly, metmyoglobin promotes the complete consumption of the hydroperoxides in large excess (4 equiv.) in less than 1 min in the absence of BSA and in ca. [29] .
The apparent first-order rate constant for ferryl accumulation depends on the initial with k a + k 1 . Thus, one obtains: k b = 373 (± 151) M -1 s -1 (n = 6), ε a = 2410 (± 190) M -1 cm -1 (n = 6). As for the rate constant of ferryl formation, it was found slightly higher with 13-LOOH than with 9-LOOH: k 1 = 146 (± 11) (13-LOOH, n = 3) and 100 (± 7) (9-LOOH, n = 3) M the overall mechanism appears unchanged and also leads to ketone accumulation.
Interestingly, the ferrylmyoglobin thus formed can be quickly reduced by BSA-bound quercetin, which confirms the possibility of long-range electron transfers taking place along the BSA structure from quercetin (bound to sub-domain IIA) to the iron-oxo center of ferrylmyoglobin, itself bound to BSA [25] .
Conclusion
BSA can bind metmyoglobin and modulates its reactivity with hydroperoxides. 
